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Abstract 21 
Ecosystem-based management strategies increasingly require assessments of bottom 22 
trawling impacts on benthic habitats at the detailed level of different gear types. Two 23 
types of bottom trawls for catching flatfish (tickler-chain SumWing and electrode-fitted 24 
PulseWing trawls) were compared by combining several observational and modelling 25 
techniques to assess the changes in trawl penetration and associated effects on the 26 
seabed texture and sediment sorting. Bathymetrical measurements using a multi-beam 27 
echo sounder (MBES) confirmed that the SumWing trawl tracks were consistently and 28 
uniformly deepened to 1.5 cm depth in contrast to 0.7 cm following PulseWing 29 
trawling. MBES backscatter strength analysis indicated that SumWing trawls (3.11 dB) 30 
also flattened seabed roughness significantly more than PulseWing trawls (2.37 dB). 31 
Sediment Profile Imagery (SPI) showed that SumWing trawls (mean, standard 32 
deviation) homogenised the sediment deeper (3.4 cm, 0.9 cm) and removed more of the 33 
oxidised layer than PulseWing trawls (1 cm, 0.8 cm). SPI imagery showed that the 34 
reduced PulseWing trawling impacts allowed a faster re-establishment of the oxidised 35 
layer and micro-topography in contrast to SumWing trawling. Particle size analysis 36 
suggested that SumWing trawls injected finer particles into the deeper sediment layers 37 
(~4 cm depth), while PulseWing trawling only caused coarsening of the top layers 38 
(winnowing effect). This is in agreement with numerical modelling, which predicted 39 
that SumWing trawls would penetrate deeper into the sediment than PulseWing trawls. 40 
The total penetration depth (mean, standard deviation) of the SumWing trawls (4.1 cm, 41 
0.9 cm) and PulseWing trawls (1.8 cm, 0.8 cm) was estimated by measuring the depth 42 
of the disturbance layer and by modelling the erosion of the surficial sediments due to 43 
sediment mobilisation in the wake of the gear (SumWing = 0.7 cm; PulseWing trawl = 44 
0.8 cm). Our study has shown that PulseWing trawls reduced most of the mechanical 45 
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trawling impacts on the seabed compared to SumWing trawls for this substrate and area 46 
characteristics. 47 
 48 
Keywords: beam trawl, biogeochemistry, habitat impacts, particle size distribution, 49 
penetration depth, pulse trawl, seafloor integrity, sediment resuspension  50 
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1. Introduction 51 
Demersal otter trawls and beam trawls are the most widely used fishing gears to catch 52 
bottom dwelling fish, crustaceans and bivalves (FAO, 2016; Cashion et al., 2018) and 53 
are the most widespread source of physical disturbance to marine habitats (Oberle et al., 54 
2016; Eigaard et al., 2017; Kroodsma et al., 2018). The development and 55 
implementation of ecosystem-based management strategies increasingly require 56 
assessments of bottom trawling impacts on the seabed. Risk-based assessments are an 57 
appropriate tool for this purpose. These and others are being developed for the 58 
implementation of the European Marine Strategy Framework Directive, Descriptor 6 59 
‘Sea-floor integrity’ (Rijnsdorp et al., 2016; EU, 2017). 60 
The risk of a significant adverse impact on the sea-floor (seabed) depends on (1) the 61 
likelihood of exposure and (2) sensitivity of the seabed to fishing activities (Knights et 62 
al., 2015). The likelihood of exposure relates to the overlap of distribution of habitat 63 
types and fishing effort (Eigaard et al., 2017), while ‘sensitivity’ depends on the ability 64 
to withstand fishing pressure and recover from the damage imposed (Tyler-Walters et 65 
al., 2009; Depestele et al., 2014). Quantifying impact is difficult but approaches are 66 
emerging that express impact as a function of mortality and the recovery rate (Pitcher et 67 
al., 2017). Mortality is defined as the proportion of seabed biota killed by a single trawl 68 
pass. Mortality is very difficult to estimate due to the high spatial variability of benthic 69 
organisms (Collie et al., 2000; Kaiser et al. 2006; Løkkeborg, 2007; Hiddink et al., 70 
2017; Sciberras et al., 2018). Measuring the trawling penetration depth is likely to be a 71 
cost-effective alternative to estimate the direct mortality imposed by bottom trawling, 72 
and allows benthic impacts across fishing gears to be compared (Eigaard et al., 2016; 73 
Hiddink et al., 2017; Pitcher et al., 2017; Sciberras et al., 2018). These novel insights set 74 
the baseline for assessing trawling impact, but require more detail at the level of 75 
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different gear types to enable implementation in fisheries management (Kaiser et al., 76 
2016). Different demersal gear types are designed to have different levels of seabed 77 
contact or penetration, depending on the target species, their catching stimulus and 78 
seabed type. These factors contribute to different penetration depths, but have until now 79 
only been assessed for generic gear designs (Eigaard et al., 2016; Sciberras et al., 2018). 80 
Different gear configurations and the quantification of their potential benefits for 81 
mitigation of seabed impacts, cannot be ignored any longer and were identified as one 82 
of the top 10 knowledge priorities for managing seabed impact (Kaiser et al., 2016). 83 
The flatfish-directed trawler fleet in the North Sea has evolved over the last decade and 84 
used different gear configurations (Haasnoot et al., 2016). Conventional tickler-chain 85 
trawls tow a number of chains over the seabed to chase flatfish out of the seabed 86 
(Rijnsdorp et al., 2008). The net is opened horizontally by a steel bar (the beam) 87 
supported by two trawl shoes at each end to maintain the beam at a constant height 88 
above the seabed and maintain the vertical opening of the net. In pulse trawls, the tickler 89 
chains are replaced by electrodes that induce a cramp response that bends the fish into a 90 
U-shape, thus allowing them to be scooped up by the ground gear (Soetaert et al., 91 
2015a; de Haan et al., 2016). The pulse trawls are towed at a lower speed, and may 92 
catch sole more selectively and reduce discards of benthos (van Marlen et al., 2014). 93 
The beam and the two trawl shoes of the conventional tickler-chain trawl and the pulse 94 
trawl may be replaced by a wing-shaped foil with a ‘nose’ in the centre. This wing-95 
shaped foil was designed to reduce drag in the water and on the seabed. A tickler-chain 96 
trawl using a foil is called a ‘SumWing’ trawl, while a trawl using the foil in 97 
combination with electric pulses is called a ‘PulseWing’ trawl. In 2010, 30% of the 98 
Dutch flatfish-directed trawler effort was represented by beam trawls using the 99 
SumWing with tickler chains, 8% using electric pulses and 62% using the conventional 100 
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beam trawl. In 2016, 12% of the effort came from SumWing trawls, 83% came from 101 
pulse trawls, while only 5% was exerted by conventional beam trawls 102 
(www.agrimate.nl; last accessed: 7 May 2018). In 2016, 19% of the pulse trawls used a 103 
steel bar with shoes as opposed to the wing-shaped foil (PulseWing trawl) to open the 104 
net. 105 
In this study we examined differences in seabed impacts between two gear 106 
configurations used to target flatfish (Dover sole (Solea solea) in particular). We 107 
compared the mechanical impact on the seabed of a SumWing trawl with a PulseWing 108 
trawl, with a particular focus on the comparison of penetration depths. The penetration 109 
depth of a trawl is difficult to quantify. The passage of a trawl disturbs the top layer of 110 
the sediment, which can (i) remain in the same location, (ii) be compressed or 111 
compacted, (iii) be laterally displaced (Gilkinson et al., 1998; Ivanović and O’Neill, 112 
2015) or (iv) be mobilised and carried away from the area to a distance dependent upon 113 
the particle size and bottom currents (Depestele et al., 2016; Mengual et al., 2016). 114 
Sediment reworking, mobilisation and transport leads to sediment erosion (Pilskaln et 115 
al., 1998; Palanques et al., 2001; Durrieu de Madron et al., 2005), altered seabed 116 
morphology (Eleftheriou and Roberston, 1992; Schwinghamer et al., 1998; Currie and 117 
Parry, 1999) and changes in the lithological and geochemical characteristics of the 118 
seabed (Duplisea et al., 2001; Puig et al., 2012; Oberle et al., 2018). We carried out a 119 
field experiment using complementary sampling approaches to improve our 120 
understanding of the acute changes to the seabed by two commercial trawl types in the 121 
North Sea. 122 
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2. Material and methods 123 
2.1 Background to this study 124 
In Depestele et al. (2016) we compared the seabed impact of bottom trawls using tickler 125 
chains versus electric pulses to catch flatfish in the North Sea. This study elaborates on 126 
the previous findings in 2 main ways. First, Depestele et al. (2016) focussed on one 127 
branch of the flatfish-directed trawler fleet, i.e. ‘euro-cutter’ vessels with engine power 128 
below 300 HP (<221 kW), and access to coastal waters between 3 and 12 nautical 129 
miles, including the Plaice Box (Mills et al., 2007; Rijnsdorp et al., 2008; Beare et al., 130 
2013). This study focussed on the other branch, the large trawler fleet with engine 131 
power > 300 HP, operating in offshore waters with heavier and larger trawls. The main 132 
differences in gear parameters and location characteristics of two fleets are reflected in 133 
both case studies (Table S1 in Suppl. Mat.; Lindeboom and de Groot, 1998).  134 
The other differences, despite the analogous modelling approaches in both case studies, 135 
were experimental design, sampling equipment and studied parameters differed (Table 136 
S1 in Suppl. Mat.). Depestele et al. (2016) focused on bathymetrical changes using the 137 
multi-beam echo sounding (MBES), but could not directly compare the effects of 138 
tickler-chain and pulse trawling due to differences in trawling intensities at the 139 
experimental sites. In that study, we measured sediment mobilisation in situ using the 140 
LISST-100X, which was not deployed in the present study. In this study we used MBES 141 
bathymetry data to directly compare one passage of a SumWing trawl versus a 142 
PulseWing trawl. We additionally analysed the MBES backscatter data and collected 143 
ground truthing data. Sediment samples were collected using a box corer and were 144 
analysed to quantify the changes in sediment sorting. The depth of disturbance and 145 
biogeochemical changes to cross sections of the seabed were estimated using Sediment 146 
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Profile Imaging (SPI) after trawling at the same intensities (Rhoads and Cande, 1971, 147 
Teal et al., 2008; 2009). 148 
2.2 Study area  149 
The study area was located between 29 m and 33 m depth in the south-western part of 150 
the Frisian Front (southern North Sea, between 53.5692 – 53.5859° N and 4.2664 – 151 
4.2999° E). The Frisian Front is a transitional zone in the southern North Sea, located 152 
between the shallow, sandy Southern Bight and the deeper, muddy Oyster Grounds 153 
(Figure 1). The seabed in this area consists of fine sand with median grain sizes in the 154 
range 154 to 163 µm and silt fractions between 12 and 17% (Bockelmann et al., 2018; 155 
see Section 3.4). Fine sediment particles settle in this area because tidal currents drop 156 
below the critical water velocity (Creutzberg et al., 1984; Stanev et al., 2009). 157 
Deposition consists of particulate matter that is transported through the East Anglian 158 
turbidity plume and from locally produced phytodetritus and results in a sediment with 159 
elevated concentrations of silt, organic carbon and phytopigments (Amaro et al., 2007). 160 
2.3 Fishing gear 161 
The impact of a 12m SumWing trawl and of a 12m PulseWing trawl were studied. The 162 
SumWing trawls were deployed from the FV ‘Helena Elisabeth’ (TX 29) and the 163 
PulseWing trawls from the FV ‘Biem van der Vis’ (TX43). Both fishing vessels had a 164 
length overall (LOA) of ~40 m and a main engine power of approximately 1500 kW. 165 
The vessels deployed a pair of 12 m wide trawls from the outrigger booms which are 166 
kept open by a wing-shaped foil with a ‘nose’ in the centre instead of the conventional 167 
cylindrical beam with two trawl shoes (Figure S1 and S2 in Suppl. Mat.). The 168 
dimensions of the wing-shaped foils did not differ. 169 
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The main differences between the gears were related to the stimuli to catch the fish 170 
(tickler chains versus electrodes), the geometry of the net opening of the trawl, the 171 
ground gears and the nets used (Figure 2 and Figure S2 in Suppl. Mat.). Both trawls had 172 
a cod-end with 80 mm stretched diamond-shaped mesh opening as used in the 173 
commercial sole fishery (Bayse et al., 2016; Uhlmann et al., 2016), but the SumWing 174 
trawl net used during the experiment was lighter than most trawl nets used in the fleet 175 
(M. Drijver, skipper of TX29, pers. comm.). The catching process of the SumWing 176 
trawl was based on mechanical disturbance by the tickler chains which are rigged in the 177 
V-shaped net opening, perpendicular to the towing direction. The SumWing trawls were 178 
towed at speeds of ~ 6 kn with a scope ratio of 3 (ratio of warp length to water depth). 179 
The total gear weighted nearly 3.1 t in air or 1.6 t in water (HfK engineering, 2018). 180 
Eight tickler chains with a chain link diameter of between 18 and 24 mm and a total 181 
length between 18.6 and 26 m were attached to the wing. In addition, 9 tickler chains 182 
were attached to the middle part of the ground gear. Their length varied between 6 and 183 
14 m, with a chain link diameter was between 13 and 16 mm. Three shorter tickler 184 
chains (4.5 - 5 m) with a diameter of 16 mm were attached to the aft part of the ground 185 
gear (Figure 2). The ground gear consisted of a 37 m long chain with rubber discs with 186 
a diameter between 18 and 28 cm covering the chain over a 7.8 m centre section. The 187 
electrodes of the PulseWing trawl were rigged in a longitudinal direction into the 188 
square-shaped mouth opening of the trawl net. The PulseWing trawls were towed at 189 
fishing speeds of ~5 kn with a scope ratio of 3 (Figure 2). The total gear weighted 2.8 t 190 
in air or 1.4 t in water. A total of 27 electrode modules were attached to the wing-191 
shaped foil and the ground gear. The commercial electrodes (HFK engineering) have a 192 
diameter of 3.3 cm and produce a 60 Hz pulsed bipolar current at 45–50 V with a 0.36 193 
μ pulse duration (Soetaert et al., 2015a; de Haan et al., 2016). A disc-protected rope (of 194 
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diameter 8 to 10 cm) is rigged alongside each electrode to withstand the tension from 195 
towing the gear over the seabed (hereafter called ‘tension relief cords’). The mouth of 196 
the PulseWing trawl had a square-shaped opening, resulting from two disc-protected 197 
chains that were running parallel to the towing direction at the sides of the mouth 198 
opening and from two ground ropes, that are both running perpendicular to the towing 199 
direction and rigged just in front of the trawl net mouth opening (Figure 2; Figure S2 in 200 
Suppl. Mat.). The tension relief cords were attached to the first rubber disc ground gear 201 
(diameter = 12 cm), while the net was attached to the second rubber disc ground gear 202 
(diameter = 20 cm) (Figure S2 in Suppl. Mat.). 203 
2.4 Experimental fishing and experimental sites 204 
Acute fishing disturbance by each trawl type was evaluated in a controlled experimental 205 
design. We chose 3 sites of 200 x 2800 m (0.56 km²) each, located 250 m apart (Figure 206 
1). The PulseWing trawl was fishing in the northern site and the SumWing trawl in the 207 
southern site. No fishing took place in the central site, which was used as a control. 208 
Samples were taken from this site to measure the influence of factors other than fishing 209 
such as waves and currents (Figure 3). The experimental sites were located on a gentle 210 
slope with median grain sizes of 154 µm, 162 µm and 169 µm in the PulseWing, control 211 
and SumWing trawl sites, respectively. Most particle sizes (down to 10 cm depth) 212 
classified as fine sand (125-250 µm): 59% in the PulseWing site, 63% in the control and 213 
70% in the SumWing site, with a respective silt fraction of 17%, 13% and 12%. The 214 
fine sand fraction in the top layers was similar to the deeper layers, with a slight 215 
decrease (5%) in the SumWing site. The mean silt fraction was lower in the top layers 216 
than in the deeper layers but its relationship with depth differed between sites. 217 
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Six hauls of varying haul duration took place on 10 June 2014 (PulseWing trawl 218 
between 8:50-15:00; SumWing trawl between 9:26-14:24). Fishing operations were 219 
carried out as similarly as possible, resulting in 13 passages along the length of each site 220 
that represented an equal swept area of 0.872 km² and a fishing intensity of 156% (= 221 
0.872 / 0.56 km²) for each gear in their respective experimental site. Observations from 222 
the Research Vessel (RV) during the entire experimental period (9-12 June 2014) 223 
ensured that no fishing had taken place in the experimental sites other than experimental 224 
trawling. Previous trawling disturbances in the experimental sites were limited, as 225 
evaluated from prior inspection using multi-beam echo sounding. Historic disturbance 226 
by bottom-contacting gears in the area was also low, varying between once every 10 227 
years to once every 2 years (Figure S3 in Suppl. Mat.; Eigaard et al., 2016; 2017). 228 
2.5 Data collection methods 229 
The effects on the seabed were measured using 3 observation techniques: (i) multi-beam 230 
echo sounding (MBES) for assessing changes in the sedimentary interface using both 231 
bathymetrical and backscatter strength data, (ii) Sediment Profile Imagery (SPI) for 232 
identifying geochemical changes and (iii) box corer sampling for particle size analysis. 233 
These measurements were collected in all experimental sites before and after fishing 234 
during mild weather conditions (significant wave heights < 75 cm; wind speeds < 10 235 
m/s) (see Figure 3 for details).  236 
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2.6 Multi-beam echo sounding 237 
Acoustic measurements were performed with the Kongsberg EM2040 single head 238 
multi-beam echo sounder (MBES) mounted on the RV Simon Stevin (Depestele et al., 239 
2016). The experimental sites were surveyed before any experimental fishing 240 
disturbance began (T0). MBES recordings were obtained by following the fishing 241 
vessel at a close distance (< 300 m) during its first trawling passage to estimate changes 242 
in seabed bathymetry immediately after fishing (T1; < 0.5 h after fishing). Additional 243 
MBES surveys were conducted within 12 h (T2), after 1 day (T3) and after 2 days (T4) 244 
(Table 1). All monitoring occurred with a MBES frequency of 320 kHz. Survey lines 245 
started and ended 30 to 50 m outside the experimental sites and were conducted at a 246 
speed of 8 kn and orientated parallel to the longest side of the sites with an approximate 247 
overlap of 30%. MBES measurements across all entire experimental sites were used to 248 
assess changes in backscatter strength (BS). BS is used as a proxy to characterise the 249 
seabed: higher BS values represent coarse, rough interface with many scatterers (e.g. 250 
hard-bodied organisms) while lower BS values represent softer sediment with reduced 251 
roughness and fewer scatterers (Ferrini and Flood, 2006). 252 
2.6.1 Seabed bathymetry 253 
A high resolution (0.5 by 0.5 m) digital elevation model of the seabed was created for 254 
the MBES survey lines at T0 and T1 by filling an empty grid with validated soundings 255 
from the nearest ping in SonarScope (Ifremer, 2016). Trawl tracks were visually 256 
detected in the GIS (ArcGIS) on the 0.5 x 0.5 m BS mosaic (Section below). The 257 
bathymetrical changes due to fishing were assessed from water depth measurements 258 
inside and outside the trawl track. Measurements were selected from equally-spaced (20 259 
m) cross-sections (N = 82 for PulseWing trawl; N = 120 for SumWing trawl) with a 260 
mean of > 25 measurements inside the track and > 40 outside the track. The bathymetric 261 
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profile of each cross-section was corrected for its slope using ordinary least squares 262 
regression. The slope-corrected depth measurements inside and outside the track were 263 
then compared with a non-parametric Friedman rank sum test following a single factor 264 
(water depth) within subject (cross-section) design (Depestele et al., 2016). Statistical 265 
differences between water depths inside and outside the trawl tracks were tested for the 266 
SumWing and PulseWing trawl at T0 and T1. The deepening of the trawl track was then 267 
assessed by subtracting the cumulative depth distribution after fishing from the 268 
cumulative depth distribution before fishing. In other words, we first tested whether 269 
trawling was conducted on a ‘flat’ surface, i.e. the locations to be trawled were not 270 
positioned shallower or deeper than their surroundings. We then assumed that any 271 
differences in water depths found in the trawl track locations at T1 were due to the 272 
passage of the trawl. 273 
2.6.2 Seabed backscatter strength 274 
A BS mosaic of 0.5 by 0.5 m resolution was computed for each MBES line. An angular 275 
compensation was applied using the mean BS level - incident angle curves computed 276 
independently for each line. Only BS values derived from oblique incident angle, inside 277 
the angular interval of 30° to 50°, have been considered. The resulting BS mosaics (by 278 
line compensated) were merged by experimental site (PulseWing trawl, control and 279 
SumWing trawl) and time interval (T0, T2, T3 and T4). BS values from these mosaics 280 
were randomly sampled without replacement to increase computational efficiency in 281 
further analysis and eliminated as outliers (1.3% of the data) when outside 1.5 times the 282 
interquartile (25%-75%) range (1.3% of the data) (Hoaglin and Iglewicz, 1987). This 283 
procedure yielded a dataset of > 1700 backscatter values per site and time interval. A 284 
linear model was applied to the backscatter values with site, time interval and their 285 
interaction as fixed effects. Visual inspection of the histogram and QQ-plot indicated 286 
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normality of the residuals and a plot of the residuals versus fitted values confirmed 287 
homogeneity of the variances, which allowed ANOVA type III analysis of the model. 288 
Significant factors (P < 0.05) were tested in post-hoc pairwise comparisons with least-289 
square means and p-values were corrected by Tukey-Kramer adjustment for multiple 290 
comparisons. 291 
2.7 Sediment Profile Imaging 292 
An SPI camera (sediment profile imagery, Ocean Imaging Systems, North Falmouth, 293 
MA, USA) was deployed at each experimental site at four points in time: T0, T1, T2 294 
and T3 (Figure 3). Two replicate images of the sediment were collected at 10 locations 295 
per site (Figure 1) (for general principles, see Rhoads and Cande 1971; Germano et al., 296 
2011). The imaging module was based around a Nikon D100 camera (2000 × 3000 297 
pixels = 6 mega pixels, effective resolution = 75 µm × 75 µm per pixel), set to an 298 
exposure of 1/60 and a film speed equivalent to ISO 400. These in situ images (15 cm × 299 
21.5 cm = 322.50 cm
2
) show the apparent redox potential discontinuity (aRPD), which 300 
is a reliable proxy for the biological mixing depth (BMD) (Teal et al., 2009; Statham et 301 
al., 2018). The depth of this brownish, oxidised layer indicates when biogeochemical 302 
redox conditions allow the maximum extent of the presence of particulate iron oxide. 303 
The depth of this oxidised layer was quantified using a custom-made, semi-automated 304 
macro (modified from Solan et al., 2004) within ImageJ (vs 1.38), a Java-based public 305 
domain program developed at the USA National Institutes of Health (available at 306 
http://rsb.info.nih.gov/ij/index.html, last accessed 08 February 2018). The depth of the 307 
disturbance layer was eliminated when quantifying the oxidised layer post trawling. The 308 
effects of trawling and short-time recovery time on the depth of the oxidised layer was 309 
assessed using a one-way analysis of variance (ANOVA) with time steps as sources of 310 
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variation for SumWing and PulseWing trawling separately. Significance of the 311 
differences between time steps were tested using a post-hoc Tukey’s comparison test. 312 
The trawling effect at T1 was further assessed using 2 additional parameters. First, 313 
surface boundary roughness (i.e. maximum minus minimum depth of penetration) was 314 
compared between sites using a one-way ANOVA (Solan et al., 2002) using a post-hoc 315 
Tukey’s comparison test to evaluate differences between sites. Second, the depth of the 316 
disturbance layer was analysed using a combination of visual assessment and 317 
confirmation within an expert user group. Disturbance layer depths were measured 318 
directly on hard-copy after image annotation. The potential influence of the 319 
measurements by individual experts (n=3) and the effect of trawl type (SumWing versus 320 
PulseWing trawl) on the depth of disturbance were analysed in a linear model with site, 321 
time interval and their interaction as fixed effects. Homogeneity of the variances was 322 
visually inspected as were the residuals (histogram and QQ plot). A two-way ANOVA 323 
type III analysis of the model was conducted using post-hoc Tukey’s comparisons to 324 
assess differences between significant factors. The results were analysed using R 3.3.2 325 
for Windows (R Foundation for Statistical Computing, Vienna, Austria). 326 
2.8 Box corer sampling and particle size distributions 327 
Sediment samples were taken in each experimental site at T0 and T1 (Figure 1; Figure 328 
3) using a cylindrical box corer with a diameter of 50 cm and a height of 55 cm, 329 
equipped with a valve to prevent flushing or loss of the top layer (de Jong et al., 2015). 330 
After recovery of the box corer samples the overlying water was siphoned off, and the 331 
sediment surface was carefully studied. In case of disturbance the sample was discarded 332 
and a new sample was taken. Small sub cores of 5 cm diameter were taken out of the 333 
box corers and sliced in layers of 5 mm (from 0 to 1 cm) and 10 mm (from 1 to 10 cm). 334 
Sediment samples were stored in the dark and frozen at -20°C until particle size 335 
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analysis. Particle size distribution was measured using a Malvern Mastersizer 2000® 336 
laser diffractometer using a Hydro 2000G wet sampling system (Malvern, UK). Main 337 
parameters applied within the Standard Operating Procedure were a material refractive 338 
index of 1.55, a dispersant refractive index of 1.33, stirrer speed at 1000 rpm, pump 339 
speed at 2500 rpm, 60s of ultrasonic vibrations during 60s of premeasurement, 15s 340 
background time and 15s measurement time.  341 
Particle size histograms were plotted before (T0) and after fishing (T1) for each 342 
experimental site using a LOESS smoother (span = 0.3) in ggplot2 for R (Wickam, 343 
2009). The histograms were drawn for 2 depth categories: 0-1 cm and 1-4 cm. The 344 
depth categories were based on differences in mean depth of disturbance of 345 
experimental SumWing and PulseWing trawling using SPI results (see Section 346 
‘Oxidised layer and depth of disturbance’).  347 
The shape of the particle size distributions were largely determined by the silt fraction 348 
(<63 µm; 9-15%) and the fine sand fraction (125-250 µm; 50-80%). Both of these 349 
fractions were examined in detail as a function of depth, time in relation to fishing (T0 350 
and T1) and experimental site. The mean and standard deviation of the silt or fine sand 351 
fraction were modelled using Generalized Additive Models (GAM) with a Gaussian 352 
error distribution (Wood, 2011). Homoscedasticity and normality assumptions were 353 
evaluated through visual examination of plotted standardised residuals versus fitted 354 
values and QQ-plots of the residuals. Models with a lower AIC were selected if the 355 
∆AIC was >2. The relationship with depth was first evaluated between experimental 356 
sites before fishing (T0) and between experimental sites without fishing disturbance (T0 357 
of each site and T1 of the control site). The different relationships of the silt fraction 358 
with depth for each experimental site and time step were then compared with the 359 
experimental sites after trawling (T1). 360 
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2.9 Numerical modelling of penetration depth 361 
Three-dimensional numerical modelling based on the finite element method ABAQUS 362 
with Explicit solution was used to simulate interaction processes between the trawls and 363 
the seabed (Esmaeili and Ivanović, 2014; 2015). The trawl-seabed interactions were 364 
implemented using the Coupled Eulerian Lagrangian (CEL) method with Eulerian mesh 365 
based on the volume of fluid method (Dassault, 2014). The flow of the material through 366 
the mesh was tracked by computing its Eulerian volume fraction (EVF). The value of 367 
EVF represents the portion of material filled; EVF=1 indicates that the element is 368 
completely filled with the material and EVF= 0 indicates the element is devoid of the 369 
material. The seabed was modelled as elastoplastic, obeying the cap Mohr–Coulomb 370 
model criterion, having the following parameters: specific weight of 19.5 kN m
-3
, 371 
Young’s modulus of 10 MPa, Poisson’s ratio of 0.3, cohesion intercept of 0.01 kPa, 372 
angle of internal friction, φ = 32° and a dilatation angle of 1°. The triaxial test, the shear 373 
box test and the one-dimensional compaction test were performed in the laboratory to 374 
obtain these parameters. A penalty friction formulation based on Coulomb friction law 375 
was used as contact property representing the frictional behaviour between contacting 376 
bodies (Esmaeili and Ivanović, 2015). The interaction of the trawls and the seabed was 377 
modelled from a reference configuration represented by a cuboid, consisting of two 378 
regions: the initial seabed material and a void region. Both regions were discretised 379 
using 8-node linear multi-material Eulerian bricks with reduced integration and 380 
hourglass control. The trawls were modelled as elastic bodies specified by elastic 381 
constants leading to large elastic stiffness. The Lagrangian (trawl) elements were 382 
discretised using 4 node quadrilaterals. Their mass and rotary inertia was specified at 383 
the centre, and they were given a linear velocity in x-direction, ramping smoothly from 384 
zero velocity to a constant value in the next step. In a simulation, the void region was 385 
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initially empty but filled up with the Lagrangian (trawl) elements and material flowing 386 
into the mesh within the Eulerian domain once the passage of a trawl element is 387 
simulated. The simulations ran sufficiently long to reach quasi-static condition and were 388 
conducted for the nose of the wing-shaped foil of the SumWing and the PulseWing 389 
trawl, one single electrode and one single tickler chain with chain link diameter of 24 390 
mm. 391 
2.10 Modelling of sediment mobilisation 392 
The approach of O’Neill and Ivanović (2016) was applied to estimate the quantity of 393 
sediment mobilised in the wake of a gear component. Their model estimates the amount 394 
of sediment mobilised immediately behind a towed gear component in terms of the 395 
hydrodynamic drag of the gear component and the silt fraction of the sediment. It does 396 
not predict the fate of the sediment and whether it falls in the track of the component (as 397 
is likely for the larger particles) or whether it goes into suspension and is diffused or 398 
transported away by ambient currents (as is likely the case for the smaller particle 399 
sizes). In Depestele et al. (2016) we applied our model to a 4 m beam trawl and found a 400 
good agreement between the model predictions and field measurements. 401 
Here we have applied a similar methodology here to measure the amount of sediment 402 
mobilised by each of the trawls of our experiments. We calculated the drag of the noses 403 
of the wing-shaped foil, the electrodes and the ground gear from experiments on similar 404 
shaped objects (Hoerner, 1965; O’Neill and Summerbell, 2016), the drag of the chains 405 
from the numerical estimates of Xu and Huang (2014), and the drag of the netting 406 
panels in the lower half of the trawl from the empirical model of MacLennan (1981). 407 
The silt fraction at each experimental site was estimated from the upper 2 cm sediment 408 
layer of the box corer samples taken at T0.  409 
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3. Results  410 
3.1 Seabed bathymetry 411 
There was no difference at T0 between the water depths inside and outside the trawl 412 
tracks at either site (SumWing trawling location: χ²(df=1)=3.6, P = 0.06; PulseWing 413 
trawling location: χ²(df=1)=0.08, P = 0.78). After trawling (T1), the mean (SD) track 414 
depths were significantly deeper and were 15.1 (0.9) and 9.1 (1.6) mm for the SumWing 415 
and PulseWing trawls, respectively (SumWing trawling location: χ²(df=1)=93.63, P < 416 
0.0001; PulseWing trawling location: χ²(df=1)=17.61, P < 0.0001). The track depth was 417 
deeper for the SumWing trawl with a range of depths between 7.6 - 37.5 mm; however 418 
the range was wider for the PulseWing trawl (8.9 - 59.5 mm) (Table 2; Figure 4). 419 
3.2 Seabed backscatter strength 420 
Seabed backscatter strength (BS) was statistically different across the experimental sites 421 
and time intervals (F6,22031=126.7, P < 0.00001) (Table S2 in Suppl. Mat.). Post-hoc 422 
pairwise comparisons indicated that there were no statistical differences between the BS 423 
of each experimental site before fishing, but at T2 (after fishing) BS decreased 424 
significantly by 9% following SumWing trawling and by 6% following PulseWing 425 
trawling (Table 1; Figure 5; Table S3 in Suppl. Mat.). In the adjacent control site, BS 426 
was reduced by 1% (P < 0.05) from before-fishing conditions (Table 1; Figure 5). After 427 
trawling, BS values of the experimentally fished sites increased rapidly in the direction 428 
of before-fishing conditions, but this trend attenuated after 1 day (Table 1; Figure 5). 429 
The reduction of the BS of the control site persisted over the 2-day observation period. 430 
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3.3 Oxidised layer and depth of disturbance  431 
SPI images from T0 conditions show the occurrence of infaunal bioturbators like 432 
Echinocardium spp. and Callianassa spp. and an oxidised/suboxic upper layer of brown 433 
particles at both SumWing and PulseWing sites. These observations are consistent with 434 
an undisturbed sediment where iron reduction (after use of oxygen, nitrate and 435 
manganese) leads to grey colour change of the deeper sediment layers as the brown 436 
ferric coatings are lost from particles (Figure 6). The oxidised layer at T1 was 437 
intensively disturbed by both the SumWing and the PulseWing trawl. Both trawl types 438 
disturbed the upper (oxidised) layers of the sediment and created a homogenised 439 
disturbance layer in the upper parts of the sediment profile (Figures 6 & 7). The 440 
disturbance layer consisted of both brown particles from the oxidised layer as well as 441 
grey/black particles from below and reduced surface boundary roughness significantly 442 
following SumWing trawling in comparison to the control site (F2, 58=7.74, P < 0.01)  443 
(Figure 7;Table S4, S5 in Suppl. Mat.). The disturbance layer was sometimes 444 
interspersed with mud clasts, particularly in the SumWing images. Reduction of the 445 
homogenised layer was greater for the PulseWing trawl (1.0 ± 0.8 cm) and often did not 446 
cover the entire SPI image width. The oxidised layer in the SumWing images was either 447 
completely removed or a marked boundary was created between the trawling-induced 448 
disturbance layer and the relic oxidised layer. The homogenised disturbance layer was 449 
more frequent and consistent across the SumWing images and was significantly deeper 450 
(3.4 ± 0.9 cm; F1, 114=230.555, P<0.001) (Figure 8; Table S6, S7 in Suppl. Mat.). The 451 
assessment of the disturbance layer did not differ significantly between individual 452 
experts (F2, 114=2.36, P = 0.259) (Table S6 in Suppl. Mat.). 453 
Depending on the trawl penetration, a remnant of the brown oxidised layer sometimes 454 
remained visible below this homogenised layer. Over time (1 to 2 days) the brown 455 
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colour of these particles faded to grey. Also over time the homogenised layer 456 
consolidated and the oxic part of the sediment was set up again (within hours of the T2 457 
and T3 images) and the redox clines and biological mixing were likely to be re-458 
established. This is shown in the appearance of the iron oxidised surface layers and 459 
smoothing of the homogenised layer boundaries in T2 and T3. The oxidised layer in T0 460 
was significantly different following SumWing trawling in T1, T2 and T3 (F3, 251=33.7, 461 
P < 0.0001) (Figure 7; Table S8, S9 in Suppl. Mat.). The time required for full recovery 462 
following tickler chain trawling exceeded the 48 hour observational period. In contrast, 463 
the oxidised layer following PulseWing trawling in T1, T2 and T3, although variable, 464 
was not significantly different from T0 (F3, 256=2.208, P = 0.088)  (Figure 7; Table S10, 465 
S11 in Suppl. Mat.).  466 
3.4 Particle size distributions and depth of sediment reworking  467 
The shift in particle size distributions between T0 and T1 in the top layer (0-1 cm) 468 
suggested a decrease in smaller particle sizes (silt fraction) and an increase in larger 469 
particle sizes (fine sand fraction) in the SumWing and PulseWing sites (Figure 9, upper 470 
rows). The T0 and T1 particle size distributions in the control site overlapped and 471 
remained largely unchanged in the top 1 cm layer. The particle size distribution in the 472 
layer between 1 and 4 cm suggested the same shift in particle size distribution in the 473 
control site as in the PulseWing site. The particle size distribution in the SumWing site, 474 
in contrast, suggested an opposite trend, which was particularly reflected by the 475 
decrease in fine sand fraction after trawling (T0 versus T1 in Figure 9, lower rows). 476 
The modelling exercises of 2 primary sediment fractions showed similar patterns of 477 
depth of sediment reworking. SumWing and PulseWing trawling decreased the silt 478 
fraction in the top layers, but in contrast to PulseWing trawling, the SumWing trawl 479 
also caused an increase in the mean silt fraction in the deeper layers (T1 in Figure 10, 480 
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upper rows). Similar trends were reflected in the fine sand fraction. Both PulseWing and 481 
SumWing trawling increased the fine sand fraction in the top layer, but only SumWing 482 
trawling caused a decrease of fine sand in the deeper layers (Figure S4 in Suppl. Mat.). 483 
The depth to which both trawling methods affected the seabed was also reflected in the 484 
variability of the particle sizes before and after trawling. The variability of the silt and 485 
fine sand fraction was low in the control site before and after trawling (Figure 10, and 486 
Figure S4 in Suppl. Mat.). The variability in silt and fine sand fractions before fishing 487 
was higher in the experimentally fished sites (T0), and was increased by trawling (T1). 488 
SumWing trawling increased the variability to a lesser degree (silt fraction: threefold, 489 
fine sand fraction: twofold), but its effect also occurred in deeper sediment layers (<4 490 
cm). PulseWing trawling increased the variability in silt fraction (by a factor 3 to 5) and 491 
in fine sand fraction (by a factor 2 to 3) but its effect remained limited to the top layers 492 
(< 2 cm).  493 
3.5 Modelled penetration depth 494 
The seabed deformation following the passage of the nose of a wing-shaped foil is 495 
depicted in Figure 11. A number of simulations with different gear weights were 496 
conducted to construct a relationship with the average of penetration depths. The 497 
penetration depth of the nose varies according to weight following a nearly linear 498 
relationship between 1000 and 2000 kg submerged weight (Figure 12). The penetration 499 
depths vary between 2.2 and 2.5 cm for the SumWing trawl and between 1.7 and 1.95 500 
cm for the PulseWing trawl. Numerical models were also run for a single electrode and 501 
a single tickler chain. Penetration depths varied between 1.5 and 1.9 cm with a mean of 502 
1.7 cm for a single tickler chain while penetration depth of a single electrode varied 503 
between 1.0 and 1.5 cm with a mean of 1.2 cm. 504 
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3.6 Modelled sediment mobilisation 505 
The amount of silt mobilised is estimated at 10.6 kg.m
2
 and 13.1 kg.m
2
 for SumWing 506 
trawl and PulseWing trawl, respectively. This corresponds to a mobilised sediment layer 507 
of 6.6 and 8.2 mm, respectively (assuming a porosity of 0.4). This difference is caused 508 
by the different silt fractions of the study sites. The hydrodynamic drag of both gears is 509 
very similar although the contribution of the different gear components differs (Table 510 
3). Even though the SumWing trawl is towed at a higher speed (6 kn vs. 5), the 511 
hydrodynamic drag of the lower netting panels is less than that of the PulseWing trawl. 512 
This is a result of the single twine used in the SumWing trawl and the higher number of 513 
panels fitted in the belly section of the PulseWing trawl (Figure S3 in Suppl. Mat.). The 514 
hydrodynamic drag of the SumWing gear (ground gear and tickler chains) is greater 515 
than that of the PulseWing trawl gear (ground gear and electrodes). The differences 516 
between the drag of the 2 types of noses of the wing-shaped foil may be directly 517 
attributed to their different towing speeds. 518 
3.7 Total penetration depth 519 
The total penetration depth of the gears is given by the sum of the erosion due to 520 
sediment mobilisation (see Section above ‘Modelled sediment mobilisation’, Table 3) 521 
and the mean depth of disturbance (see Section above ‘Oxidised layer and depth of 522 
disturbance’). Total penetration depth was estimated at 4.1 cm (SD= 0.9 cm) and 1.8 cm 523 
(SD= 0.8 cm) for the SumWing and the PulseWing trawl, respectively (Table 4). The 524 
variability (SD) in penetration depth is similar (see also penetration profiles in Figure 525 
8), but occurs at different disturbance depths in the seabed.  526 
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4. Discussion 527 
Our study has shown that the use of PulseWing trawls instead of SumWing trawls 528 
reduced most of the observed mechanical trawling impacts on the seabed for this 529 
substrate and area characteristics. The mobilisation of sediment into the water column 530 
was comparable between both gears due to lighter trawl nets used in SumWing trawls, 531 
but penetration of the seabed by the PulseWing trawl was reduced by more than 50% in 532 
comparison to the SumWing trawl. Both trawling types caused tracks and homogenised 533 
the seabed topography without full recovery within 48 hours, but seabed impacts of 534 
SumWing trawling were consistently higher than those of PulseWing trawling. The 535 
SumWing trawl penetrated into the deeper layers (subsurface layer; > 2 cm) and thereby 536 
consistently flattened the surface boundary and consistently deepened the seabed along 537 
the trawled track. The seabed penetration by the PulseWing trawl varied between 538 
skimming off the top mm and penetrating into the subsurface layers, which resulted in a 539 
reduced impact on surface boundary roughness and a reduced and highly variable 540 
deepening of the seabed. Pulse trawling allowed recovery of the oxidised layer within 541 
48 hours, while this recovery was not observed within 48 hours after SumWing 542 
trawling. The lower impact of the pulse trawl is mainly due to the use of electrodes 543 
instead of tickler chains. The observed reduction in penetration depth applies to the 544 
sediment characteristics of our study area; it may be less in coarser sediments and more 545 
in finer sediments. Our results corroborate an earlier study carried out in shallow fine 546 
sand habitat in the coastal zone of the southern North Sea (Depestele et al., 2016), 547 
where the modelled penetration depths and resultant trawl tracks by euro-cutter vessels 548 
were slightly shallower (see Table S1 in Suppl. Mat.). Further work comparing the 549 
mechanical, electrical, chemical and biological effects of gears on varying substrates, 550 
habitats and hydrographic conditions and associated effects on seabed status and 551 
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functions will build a more integrated view of gear effects on the seabed overall (ICES, 552 
2018).  553 
4.1 Sediment mobilisation 554 
The sediment mobilisation model predicts that the SumWing trawl mobilised about 1.6 555 
mm less sediment into the water column than the pulse trawl. These results were 556 
supported by analysis of particle sizes in the top layers of the seabed, where a loss of 557 
fine particles was lower following SumWing vs. PulseWing trawling (2.2% in the top 2 558 
cm layer after passage of the SumWing as opposed to 2.8% following PulseWing 559 
trawling). The limited differences in sediment mobilisation can be attributed to the 560 
higher median grain size and lower silt content in the SumWing site than in the 561 
PulseWing site and to the use of different netting material and twine thickness. The 562 
reduced sediment mobilisation of the SumWing trawl net was compensated by the 563 
higher hydrodynamic drag and sediment mobilisation resulting from the ground gear 564 
assemblage and the tickler chains. Depestele et al. (2016) found no differences in 565 
sediment mobilisation between tickler-chain and PulseWing trawling. While sediment 566 
mobilisation was comparable for trawls using tickler chains or pulse electrodes in both 567 
case studies, these results should not be directly extrapolated to the tickler-chain or 568 
pulse trawler fleet without prior knowledge of gear and operational characteristics of the 569 
fleet, such as twine thickness and towing speed. 570 
Sediment mobilisation also occurs naturally in the Frisian Front (Amaro et al., 2007). A 571 
drop in current velocities below a critical level along the slope of the Frisian Front 572 
causes deposition of silt and clay particles and creates a muddy area located to the 573 
northeast of the experimental sites (Creutzberg et al., 1984). The tidal ellipses in the 574 
Frisian Front area are mostly oriented along a W to E-NE line with a maximum velocity 575 
< 50 cm s
-1
 (Van der Molen and de Swart, 2001). Deposition of the finer particles from 576 
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neighbouring sites could not be completely ruled out, but was expected to be limited, 577 
given the orientation of the tidal ellipses and the experimental sites along the depth 578 
contours. Natural movement of sand resulting from tidal or wave currents should not 579 
have influenced the deeper sediment layers at the time of the experiment. Aldridge et al 580 
(2015: 134) calculated that the seabed in the Frisian Front is not frequently disturbed to 581 
a depth of 3 cm per year (1 to 20 times per year). Conversely, sediment in the top layer 582 
may have been active. Assuming a depth-mean tidal velocity of < 40 cm/s during the 583 
experiment (Davies and Furnes, 1980; Amaro et al., 2007) and using median grain size 584 
to calculate seabed roughness resulted in a bed stress of < 0.14 Nm
-2
 (Soulsby, 1997), 585 
which is below the critical bed stress for sediment movement (0.16 Nm
-2
) (Soulsby, 586 
1997:106-109). These calculations use averaged values, which imply that critical bed 587 
stress may have been exceeded and may have influenced the top layers. However, the 588 
lack of differences in grain size distribution before and after trawling (T0 and T1) 589 
suggested that the observed impacts in the top 1 cm layer were due to trawling rather 590 
than natural sediment movements (Figure 9). We also expect that the larger sediment 591 
particles mobilised by the experimental trawling settled within the experimental sites 592 
(200 m wide and ~250 m apart, E-W orientation), given that mean volume 593 
concentration of mobilised sediment in the water column drops quickly, e.g. from ~650 594 
µl/l to 80 µl/l at distance of 25 m to 65 m behind the trawl (Fonteyne, 2000; Depestele 595 
et al., 2016). 596 
4.2 Seabed topography 597 
The deepening of the trawl tracks altered seabed morphology. Large-scale topographical 598 
variation increases with increasing trawling intensities at scales larger than the width of 599 
the gear for beam trawls (Depestele et al., 2016). In this study, we show that micro-600 
topographical variation within the trawled tracks decreased. BS analysis suggested a 601 
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reduced seabed roughness (Ferrini and Flood, 2006) due to the flattening of sand 602 
ripples, small pits and mounds, which have also been noted following scallop dredging 603 
(Currie and Parry, 1999; Gilkinson et al., 2003; O’Neill et al., 2013) and otter trawling 604 
(Eleftheriou and Roberston, 1992; Schwinghamer et al., 1998; Tuck et al; 1998; 605 
Mengual et al., 2016).  606 
SumWing trawling reduced the seabed roughness the most as tickler chains are towed in 607 
perpendicular direction to the towing direction and flatten the seabed across the trawl 608 
track (Figure 5). PulseWing trawling reduced BS less as the shallow indentations by the 609 
electrodes are caused in parallel direction to the towing direction (Murray et al., 2016). 610 
These observations resemble the small depressions caused by rock hopper gear used in 611 
otter trawls (Humborstad et al., 2004) or the furrows created by dredges (Dolmer et al., 612 
2001). Visual assessment of underwater footage of electrodes of PulseWing trawls 613 
(ILVO, unpublished data) showed that the electrodes do not vibrate or quickly undulate 614 
but had a slow lateral motion, and as such flatten seabed features over < 25% of the 615 
width of the affected trawl path. Underwater footage also suggested that the tension 616 
relief cords (Figure S1 and S2 in Suppl. Mat.) used in PulseWing trawling, are not in 617 
direct contact with the seabed. This hypothesis is confirmed by the variation of the 618 
bathymetrical changes in Figure 4, i.e. SumWing trawling smoothens the sediment 619 
topography more uniformly than PulseWing trawling. BS reduction in the control site 620 
was not substantial (< 1 dB) and may reflect the deposition of finer sediment particles 621 
on shell fragments or hard-bodied organisms, thereby reducing their potential to act as 622 
acoustic scatterers. Small slopes and bed-forms were present in the control site before 623 
and after fishing leading to a higher roughness and higher sound scattering (less 624 
absorption). These bed-form irregularities were lacking in the PulseWing and SumWing 625 
trawling sites following fishing (Figure 5), as was also confirmed by SPI analysis, i.e. 626 
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the lower surface boundary roughness following trawling (Figure 7). BS analysis 627 
showed that the initial smoothening of the trawl tracks (T1) was rapidly counteracted by 628 
infaunal activity, i.e. within 24 hours (T2-T4; Figure 5; Table 1) (Briggs and 629 
Richardson, 1997). Similarly, the SPI images showed that infaunal activity, along with 630 
re-establishment of chemical zonation, contributed to the re-establishment of the 631 
oxidised layers (Figure 7) (Smith et al., 2003). BS analysis shows that full re-632 
establishment of the micro-topography was not achieved within 48 hours following 633 
either SumWing or PulseWing trawling (Figure 5). 634 
4.3 Depth of disturbance and sediment reworking 635 
Sediment mobilisation may lead to substantial sediment erosion and deepening of trawl 636 
tracks (Dellapenna et al., 2006; Simpsons and Watling, 2006). Depestele et al. (2016) 637 
showed that SumWing trawling deepened the track more than would be expected from 638 
sediment mobilisation alone. Indeed, our study confirms that the SumWing trawl 639 
deepened the track by 13.7 mm, which is more than the 6.6 mm of sediment that the 640 
model predicts would be put into the water column due to the hydrodynamic drag. Our 641 
study also showed that the deepening of the PulseWing trawl track (7.4 mm) was 642 
comparable to 8.2 mm of mobilised sediment predicted by the model. These results 643 
suggest that gear components which are designed to interact with the sediment, such as 644 
tickler chains which are designed to dig out flatfish from the sediment, cause a more 645 
profound effect on the seabed sediment than gear components which are dragged over 646 
the seabed surface, such as pulse electrodes. In this study, we examined these 647 
geotechnical interactions in more detail by looking at the depth to which particle size 648 
distribution and the oxidised layer were affected. 649 
Particle size analysis showed that SumWing trawling affected the deeper layers, i.e. 650 
down to ~4 cm, whereas PulseWing trawl impacts were limited to the top layers. The 651 
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depth profile of the silt and fine sand fractions after SumWing trawling (T1) intersected 652 
the depth profile before trawling (T0) (Figure 10b). The trend of the depth profile of silt 653 
and fine sand fractions after PulseWing trawling was, in contrast to SumWing trawling, 654 
not different from untrawled conditions for the deeper layers (1-4 cm). These trends 655 
suggest that SumWing trawling mixed fine sediment particles into the deeper layers 656 
while PulseWing trawling did not. This vertical mixing by SumWings reduced the 657 
vertical gradient in particle sizes, a trend typical of chronically disturbed fishing 658 
grounds (Mengual et al., 2016). The deeper seabed impact of the SumWing trawl in 659 
particle size analysis was further supported by the SPI analysis, as the presence of mud 660 
clasts increased in the SPI images following SumWing trawling (Nilsson and 661 
Rosenberg, 2003) and the homogenised layer following SumWing trawling reached 662 
deeper than after PulseWing trawl passage.  663 
The deeper depth of disturbance and sediment reworking resulted in deeper trawl tracks 664 
by the SumWing trawl than the PulseWing trawl. Increased sediment reworking may 665 
also have increased sediment compaction into the deeper layers. Sediment compaction 666 
implies that the dry bulk density increases after trawling, which may be measured 667 
directly (Pusceddu et al., 2014) or suggested indirectly from estimates of seabed 668 
‘hardness’ in RoxAnn surveys (Fonteyne, 2000), from a decreased prism penetration of 669 
the SPI (Smith et al., 2003) or from bathymetrical changes (this study). One plausible 670 
explanation of increased compaction is suggested by Durrieu de Madron et al. (2005). 671 
Pore water is released to the water column from deeper depths in the seabed than the 672 
resuspension of fine sediment particles which come only from the top few mm. Deeping 673 
of the trawl tracks may be further explained by the disruption of macrofaunal burrows 674 
and voids (Smith et al., 2003), particularly when associated with high mortality rates of 675 
bioturbators (Gilkinson et al., 2003). The short-term loss of burrows and voids created 676 
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by bioturbators is also a likely hypothesis for the deepening of the trawl tracks and 677 
sediment compaction in our experiments, given the occurrences of infaunal bioturbators 678 
like Echinocardium spp. and Callianassa spp. in the SPI images and their importance in 679 
the Frisian Front (Amaro et al., 2007; Duineveld et al., 2007; Witbaard et al. 2013). The 680 
deeper depth of disturbance by the SumWing trawl has likely caused higher mortality 681 
rates of infaunal organisms than the PulseWing trawl, since the mortality rate imposed 682 
by a bottom trawl is proportional to the penetration depth of the gear (Hiddink et al., 683 
2017; Sciberras et al., 2018). Penetration depth was estimated by combining the 684 
measured depth of sediment disturbance and homogenisation from SPI measurements 685 
with modelled depth of erosion due to sediment mobilisation. The inferred reduction in 686 
mortality rate is related to the effect of mechanical disturbance, primarily due to the 687 
replacement of tickler chains. Whether electrical stimulation results in any additional 688 
mortality under marine circumstances is yet unknown, but laboratory evidence suggests 689 
that exposure to a pulse stimulus will not result in a measurable additional mortality 690 
(Soetaert et al. 2015b, 2016; ICES, 2018). 691 
4.4 Implications of the depth of disturbance  692 
Trawling impacts in the top layers caused mobilisation of fine sediment particles which 693 
were advected with water currents. This process, known as winnowing, caused a 694 
progressive coarsening of surficial sediments and is mirrored in natural processes and 695 
stimulated by the activities of extreme bioturbators, which also release fine particles 696 
from the top layers and cause an upward coarsening trend (Singer and Anderson, 1984; 697 
Briggs and Richardson, 1997; Le Hir et al., 2007; Olsgard et al., 2008; Sciberras et al., 698 
2016). Various studies have demonstrated fine fraction winnowing of intensive long-699 
term bottom trawling and dredging (Caddy et al., 1973; Trimmer et al., 2005; Martín et 700 
al., 2014; Mengual et al., 2016; Payo-Payo et al., 2017). Our short-term, acute impact 701 
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study confirms these findings by demonstrating the causal link between the loss of fine 702 
sediment in the top layers of the fished sites in contrast to the control site (Figure 10). 703 
The winnowing effects may increase turbidity (Churchill et al., 1988) and mobilise 704 
oxidised sediment particles and nutrients and in due course affect processes in the water 705 
column (Dounas et al., 2007; Couceiro et al., 2013). 706 
Whereas both SumWing and PulseWing trawling reworked the top layers of the seabed, 707 
SumWing trawling also caused vertical mixing and homogenisation of sediment 708 
particles in deeper layers. The replacement of the oxidised layer by a homogenised layer 709 
may further retard organic matter cycling by the shift from surficial aerobic to 710 
subsurface, anaerobic respiration (Trimmer et al., 2005; Aldridge et al., 2017). This 711 
homogenisation does not occur in any natural processes and may have significant 712 
ecological implications to the stability of carbon mineralisation and nutrient cycles 713 
(Mayer et al., 1991; Duplisea et al., 2001; Sciberras et al., 2016). The deeper depth of 714 
disturbance following SumWing trawling also implied that recovery, such as the re-715 
establishment of the oxidised layer, was slower than after disturbance caused by a 716 
PulseWing trawl. The inferred higher mortality of bioturbators could have contributed 717 
further to the slower recovery following SumWing trawling. 718 
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Figure 5 Absorption of sound (acoustic measurement, i.e. backscatter values in dB) of three experimental 
sites (PulseWing trawl, SumWing trawl and control: no fishing) at various time intervals before and after 
trawling (Table 1; Figure 3). Letters denote statistical differences (P < 0.05) between sites and time 
intervals.  
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Figure 7 Surface boundary roughness at T1 conditions in the control (dark grey), PulseWing (middle grey) 
and SumWing (light grey) experimental sites (left panel) and depth of the oxidised layer following PulseWing 
trawling (middle panel) and SumWing trawling (right panel) at T0, T1, T2 and T3 conditions. Significance 
levels: * P<0.05; ** P<0.01; *** P<0.001.  
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Figure 8 Depth of disturbance following SumWing trawling is deeper than following PulseWing trawling based 
on the assessment of the SPI images.  
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Figure 11 Deformation of the seabed through penetration of the nose of the wing-shaped foil used by the 
SumWing and the PulseWing trawl. Deformation was measured as the Eulerian Volume Fraction (EVF), which 
tracks the flow of material through the Eulerian mesh. The value of EVF represents the portion of material 
filled; EVF=1 indicates that the element is completely filled with the material and EVF= 0 indicates the 
element is devoid of the material. The wing-shaped foil can move through the Eulerian mesh without any 
resistance if its volume fraction is zero (blue color).  
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Table 1 Backscatter values and statistical differences between time intervals (T0, T2, T3, T4) and experimental sites 1 
(pulse: PulseWing trawling; control: no fishing; tickler: SumWing trawling). Sites and time intervals with a different 2 
letter are statistically different at P-values of 0.05 or 1e-6. SD: standard deviation; CI: 95% confidence interval. Rows 3 
are ordered from low to high back scatter values to show which gear and time interval caused the most change in 4 
backscatter strength. 5 
Site 
Time 
interval 
Description 
of time 
intervals 
Time 
lapse 
(hour) 
Backscatter values (dB) Statistical  
differences at 
mean SD lower CI upper CI P < 0.05 P < 1 e
-6
 
tickler T0 before fishing -9h48 -36.99 2.34 -37.10 -36.89 fg d 
pulse T0 before fishing -7h32 -36.94 2.28 -37.05 -36.84 g d 
control T0 before fishing -8h57 -36.92 2.22 -37.02 -36.82 g d 
tickler T2 < 12 h 5h02  -40.10 2.25 -40.20 -39.99 a a 
pulse T2 < 12 h 5h02 -39.31 1.87 -39.39 -39.22 b b 
control T2 < 12 h 5h02 -37.32 1.68 -37.40 -37.24 e d 
tickler T3 1 d 30h20 -39.16 2.45 -39.28 -39.05 b b 
control T3 1 d 30h20 -37.23 2.33 -37.34 -37.13 ef d 
pulse T3 1 d 30h20 -38.40 2.21 -38.50 -38.31 c c 
tickler T4 2 d 46h36 -39.07 2.54 -39.19 -38.96 b b 
pulse T4 2 d 46h36 -38.12 2.34 -38.23 -38.01 d c 
control T4 2 d 46h36 -37.26 2.36 -37.36 -37.15 e d 
 6 
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Table 2 Track depth (mm) before and after SumWing (tickler) and PulseWing (pulse) trawling. Negative values 1 
indicate the deepening of the trawl track.χ²-values compare water depths inside and outside the trawled track. 2 
Site 
Time 
interval 
mean 
(SD) 
min Q1 med Q3 Max χ²(df=1) p-value 
tickler T0 -1.6 (1.0) 32.7 5.2 -1.5 -8.5 -29.7 3.6 0.05791 
tickler T1 -15.1 (0.9) -9.3 -8.6 -15.2 -20.9 -37.5 93.63 p<0.0001 
pulse T0  0.2 (0.9) 31.9 5.3 -0.2 -5.3 -28.2 0.08 0.77584 
pulse T1 -9.1 (1.6) 28.1 0.5 -7.7 -17.9 -59.5 17.61 p<0.0001 
T0, before fishing; T1, immediately following fishing; sd, standard deviation; min, minimum; Q1, first quartile; med, 3 
median; Q3, third quartile; max, maximum 4 
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Table 3 Estimates of the hydrodynamic drag (N.m-1) and sediment mobilisation (kg.m-2) from the netting panels, the 1 
ground gear assemblies, the noses of the wing-shaped foil and the total gear assemblage of a SumWing and 2 
PulseWing trawl. 3 
 
Towing speed 
(kn) 
Silt (%) 
Nettin
g 
Ground gear 
assemblage 
Noses Total  
Hydrodynamic drag per metre swept (N m-1) 
SumWing trawl 6 - 1995 1986 84 3817  
PulseWing trawl 5 - 3021 722 59 3802  
Mass of sediment mobilised per m2 swept (kg m-2) 
Sediment 
layer (mm) 
SumWing trawl 6 9.3 5.1 5.1 0.4 10.6 6.6 
PulseWing trawl 5 14.7 9.9 2.7 0.6 13.1 8.2 
 4 
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Table 4 Comparison of penetration depth of the nose of the wing-shaped foil, tickler chains and electrodes, and 1 
estimates of the deepening of seabed bathymetry, the depth of disturbance from SPI images, the depth of sediment 2 
reworking (particle size analysis) and the mobilised sediment layer following SumWing trawling and PulseWing 3 
trawling. The total penetration depth was based on the sum of the depth of disturbance and the mobilised sediment 4 
layer. All measurements are in cm. Estimates of MBES and SPI measurements and calculations of the total 5 
penetration depth are reported as the mean and their standard deviations between brackets. 6 
Parameter of seabed impact Assessment technique SumWing trawl PulseWing trawl 
Deepening of seabed 
bathymetry 
MBES1 1.5 (0.9) 0.9 (1.6) 
Depth of disturbance SPI2 3.4 (0.9) 1.0 (0.8) 
Depth of sediment reworking Box corer samples <4 <2 
Penetration depth of the nose 
of the wing-shaped foil 
Numerical model 2.3 1.9 
Penetration depth of a single 
tickler chain or electrode 
Numerical model 1.7 1.2 
Mobilised sediment layer Hydrodynamic model 0.7 0.8 
Total penetration depth Summation 4.1 (0.9) 1.8 (0.8) 
1MBES: multi-beam echo sounder; 2Sediment Profile Imagery 7 
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